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Changing the crystal face
of gallium nitride
Professor Shuji Nakamura’s office, at the
University of Santa Barbara, overlooks the
splendid backdrop of the  Santa Ynez moun-
tains. But it is questionable whether he even
notices them in his energetic determination
to make that brittle, obdurate stuff, gallium
nitride, into this century’s highest efficiency
materal for lighting purposes.  The route that
he and his impressive team are taking, is a
dimensional approach, the way of non-polar
and semi-polar orientations applied to galli-
um nitride films, LEDs and laser diodes.Gail Purvis
As those who have tracked the research
findings from his groups, both in the US
and Japan, will know, papers in Applied
Physics Letters and the Japanese
Journal of Applied Physics tell an
intriguing tale.
It is not only one of a new dimensional
orientation to the faces of GaN, with a
view on polar, non-polar and semipolar
approaches to the material, but also with a
secondary theme of publication tempo.
MOCVD and LEO 
Among the earlier papers was Non-polar
InGaN/GaN emitters on reduced-defect,
lateral epitaxially overgrown a-plane
GaN with drive-current-independent elec-
troluminescence emission peak. Authored
by Arpan Chakraborty, B.A. Haskell, S.
Keller, J. S. Speck, S. P. Den-Baars, S.
Nakamura and U. K. Mishra, it was re-
cieved in May 2004 and took five months
to reach print in Applied Physics Letters.
Here the team grew nonpolar (Figure 1)
visible LEDs using an InGaN/GaN MQW
active region, on a reduced defect LEO a-
plane GaN template using HPVE.
Study of the properties showed a drive-
current-independent EL peak position at
413.5nm which agreed well with the PL
peak. DC output power as high as
1.5mW was measured at a driving cur-
rent of 250 mA. Minimal linewidth broad-
ening with increasing drive current, sug-
gested low device heating.
In November 2004 the Japanese
Journal of Applied Physics received a
report of Demonstration of Nonpolar
m-Plane InGaN/GaN Light-Emitting
Diodes on Free-Standing m-Plane GaN
Substrates from Arpan Chakraborty,
Benjamin Haskell, Stacia Keller, James
Speck, Steven DenBaars, Shuji Nakamura
and Umesh Mishra, which reported on
the fabrication of nonpolar m-plane
InGaN/ GaN multiple-quantum well
LEDs on HPVE ( Figures 1 & 2) grown,
Figure 1. Polar : c-plane: base of hexagonal prism.
Nonpolar, semipolar planes: perpendicular or angled relative to c-plane.
Nonpolar & semipolar planes much different (and lower symmetry) than c-plane.Courtesy UCSB.
Figure 2. Comparative light, performance and electrical infromation between 
Polar LED (left) and nonpolar LED (right ). Courtesy UCSB.
freestanding m-plane GaN substrates.
On-wafer continuous wave output
power of 240mW was measured at
20mA for a 300 x300mm2 device, with
output power as high as 2.95mW at 300
mA.There was no sign of saturation of
the output power at high drive cur-
rents.An emission peak at 450nm was
obtained on electroluminescence meas-
urements with high drive currents.The
current-voltage characteristics of these
LEDs showed rectifying behavior with a
turn-on voltage of 3–4 V.This was pub-
lished in under two months.
Then MBE
In April 2005 Applied Physics Letters 86,
262104 (2005) recieved Molecular-beam
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Japan’s 5 year push to bulk crystal GaN
In April 2002 Professor Shuji Nakamura,
director of the Center for Solid State
Lighting and Displays at the University
of California at Santa Barbara (UCSB),
was awarded an Exploratory Research
for Advanced Technology (ERATO) grant
by the Japan Science and Technology
Corp. (JST) of ¥1.7bn over five years,
approximately $16m depending on the
rates of exchange. 
The ERATO program dates from 1981.
Nakamura is the second Japanese resid-
ing in the United States to receive the
award. The other recipient, Yoshihisa
Yamamoto, of Stanford University, was
awarded an ERATO in 1993.
"The ERATO award is less like the stan-
dard research grant than it is like a
gift. The specifics of how I use this
grant are up to me. I can determine
everything myself. I am like the presi-
dent of this project. The ERATO grant
is a wonderful, creative way of sup-
porting research. I am deeply honored
that JST has selected me as the focus
for their generous and visionary sup-
port," explained Nakamura who is
using the support to work out how to
make a bulk crystal or ingot of the
compound semiconducting material,
gallium nitride (GaN). 
So far, the material has been made only
in the form of thin films. The bulk crys-
tal form is the key to widespread com-
mercial use of gallium nitride in such
devices as lasers and transistors.
Nakamura's efforts, backed by the
ERATO grant, to develop the more
robust, and therefore more commer-
cially viable form of the compound
semiconductor, are focusing initially on
making a special high-pressure, high-
temperature vessel for gallium nitride
bulk-crystal fabrication.
The intellectual focus of the research,
according to Nakamura, is on exploring
the nature of inhomogeneities in nitride
crystals. Inhomogeneity refers to defects
in the structure of a crystal. Defects can
be caused by impurities, compositional
modulation, stress, or undulation. The
idea is to find mechanisms that enable
the tuning of energy levels in crystals
affected by inhomogeneity.
The one requirement of the ERATO
grant for the UCSB research team head-
ed by Nakamura is partnership with
researchers in Japan. Nakamura says
that he has chosen two of the best gal-
lium nitride research facilities as part-
ners: one at Japan Tokyo Science
University and the other at Tsukuba
University.
Nakamura is a participant in the
California NanoSystems Institute (CNSI),
a joint collaboration between the
Santa Barbara and Los Angeles campus-
es of the University of California, and
one of the California Institutes for
Science and Innovation initiated by
Gov. Gray David to seed the State's
high-tech future.
Talking about developments with semi-
polar and nonpolar GaN in Europe,
Nakamura noted that so far the work
has produced nonpolar GaN growth of
the first smooth, planar, nonpolar and
semipolar GaN films. Using the LEO tech-
nique reduces defects. For nonpolar GaN
LEDs the output power from the first a
and m planes LEDs was promising and
high polarisation raio was obtained with
non-optimal packaging. With semipolar
GaN LEDs, turn-on voltage is low and
there is possibly a higher efficiency
rollover with current.
Figure 3 The growth of planar nonpolar Gan. Until recently, nonpolar GaN surfaces such as a-plane
were very rough and device fabrication not possible. 
Collaborative ERATO work is producing very smooth planar nonpolar film. Courtesy UCSB.
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epitaxy of p-type m-plane GaN from M
McLaurin,T E Mates and J S Speck, detail-
ing growth of p-type m-plane GaN films
on 6H m-plane SiC substrates, using Mg as
an acceptor. Hole con-centrations meas-
ured as high as 7.2 x 1018 cm-3 without
postgrowth annealing and achieved 
p-type conductivity as high as 5Ohm-1
cm-1 parallel to the a azimuth of the m-
plane GaN films.An anisotropy in hole
mobilities, with mobility parallel to the
[112¯0] azimuth being larger than mobility
parallel to the [0001¯] at the same hole
concentration, was measured.These 
values are about an order of magnitude
higher than those typically observed for
polar c-plane films. This printed in July.
And HPVE
The Japanese Journal of Applied Physics
proceeded to outdo itself. It received two
papers, in June. On June 17 Characteris-
ation of planar semipolar gallium
nitride films on spinel substrates from
authors Troy Baker, Benjamin Haskell,
Feng Wu, Paul Fini, James Speck and Shuji
Nakamura, was published in under a
month, on 8 July.
A day earlier (June 16) the paper on
Milliwatt power blue InGaN/ GaN light-
emitting diodes arrived from Arpan
Chakraborty,Troy Baker, Benjamin
Haskell, Feng Wu, James Speck, Steven
Denbaars, Shuji Nakamura and Umesh
Mishra.This was also inprint in under a
month by 15 July.
The spinel substrates paper was the first
report of high quality semipolar GaN
films that could be used for device
growth. Planar films of (101¯1¯)GaN have
been grown on (100)MgAl2O4 spinel, and
planar films of (101¯3¯)GaN have been
grown on (110)MgAl2O4 spinel.The in-
plane epi relationship for (101¯1¯)GaN on 
(100) spinel was [101¯2¯]GaN |  [011]spinel
and [12¯10]GaN || [01¯1]spinel. The in-plane
epitaxial relationship for (101¯3¯)GaN on
(110) spinel was [303¯2¯]GaN [001]spinel
and [12¯10]GaN [1¯10]spinel.
Furthermore, the team has successfully
realised LEDs on both (101¯1¯) and
(101¯3¯)GaN films.) Not only has the team
demonstrated growth of two orientations
of semipolar planes of GaN on spinel
substrates, but the films fully coalesced
to form planar surfaces and show prom-
ise as templates for GaN-based devices,
that may surpass traditional c-plane
device perfromance.
The other paper reported semipolar blue
InGaN/GaN MQW LEDs grown on two
different semipolar GaN substrates. Here,
the diodes exhibited sharp turn-on bet-
ween 3 –4V with low series resistance of
6.9 –14Ω. Drive-current independent EL
emission peak was observed at 439 nm
and it matched with the PL emission
wavelength. CW onwafer output optical
power as high as 190 mW and 1.53mW
were measured at drive currents of
20mA and 250mA, respectively.
Future GaN work
• Future work on changing the face of
GaN is to develop growth of nonpolar
and semipolar films with uniformly low
defect density.
• For nonplar, semipolar LEDs the move
is to develop green and establish if effi-
cient red nonpolar or semipolar LEDs are
possible.
• As to development on nonpolar and
semipolar laser diodes, these will be for
blue and green lasers, with low threshold
current density.
When Nakamura became a US professor ,
a Japanese student publication interview
disclosed a new dimesion in his life - the
need to secure sufficient funding for his
ambitious development work. But those
who build furnaces and turn GaN
amenable, are easily able to accomodate
to different research cultures. The blue
LED discovery may have beem a pinch of
‘luck’ to a lot of work, but changing the
face of GaN, Nakamura  puts down to
one word,‘collaboration,’ where those
with fund raising skills excell, and those
driven by polarity and growth get the
time to reach their goals.
Figure 5. Film grown on m-plan sapphire is cheap and high quality. Courtesy UCSB.
Figure 4. Lateral epitaxial overgrowth is what reduces dislocation density in GaN through masking.
The process has an initial growth of the GaN template layer on sapphire which produces
a patterned mask (eg 200nm PECVD SiO2).
Lateral epitalial regrowth has GaN growing out of windows and over the mask. Courtesy UCSB.
